The four Kaposi's sarcoma-associated herpesvirus (KSHV)-encoded interferon (IFN) regulatory factor homologues (vIRF1 to vIRF4) are used to counter innate immune defenses and suppress p53. The vIRF genes are arranged in tandem but differ in function and expression. In KSHV-infected effusion lymphoma lines, K10.5/vIRF3 and K11/vIRF2 mRNAs are readily detected during latency, whereas K9/vIRF1 and K10/vIRF4 mRNAs are upregulated during reactivation. Here we show that the K10/vIRF4 promoter responds to the lytic switch protein RTA in KSHV-infected cells but is essentially unresponsive in uninfected cells. Coexpression of RTA with vIRF4 is sufficient to restore regulation, a property not shared by other vIRFs. The K9/vIRF1 promoter behaves similarly, and production of infectious virus is enhanced by the presence of vIRF4. Synergy requires the DNAbinding domain (DBD) and C-terminal IRF homology regions of vIRF4. Mutations of arginine residues within the putative DNA recognition helix of vIRF4 or the invariant cysteines of the adjacent CxxC motif abolish cooperation with RTA, in the latter case by preventing self-association. The oligomerization and transactivation functions of RTA are also essential for synergy. The K10/ vIRF4 promoter contains two transcription start sites (TSSs), and a 105-bp fragment containing the proximal promoter is responsive to vIRF4/RTA. Binding of a cellular factor(s) to this fragment is altered when both viral proteins are present, suggesting a possible mechanism for transcriptional synergy. Reliance on coregulators encoded by either the host or viral genome provides an elegant strategy for expanding the regulatory potential of a master regulator, such as RTA.
K
aposi's sarcoma-associated herpesvirus (KSHV) is a gammaherpesvirus 2 and etiological agent of KS, primary effusion lymphoma (PEL), and variant multicentric Castleman's disease (16) . The KSHV genome encodes at least 90 gene products that are expressed in the latent and lytic phases of the viral life cycle. While the majority of these genes have counterparts in other herpesviruses, a surprising number are unique to KSHV or related gammaherpesviruses 2 that infect other primates. The latter category includes the viral interferon (IFN) regulatory factors (vIRFs), which are inserted between open reading frames (ORFs) 57 and 58 but transcribed in the opposite orientation (reviewed in reference 36). In KSHV, there are four vIRF genes: vIRF1 (encoded by gene K9), vIRF2 (K11), vIRF3/LANA2 (K10.5), and vIRF4 (K10). The literature is complicated by the fact that vIRF2, vIRF3, and vIRF4 are each encoded by two exons that were assigned separate gene names in early annotations. In this study we consider K10 to be synonymous with K10 and K10.1. The genome of rhesus rhadinovirus (RRV) contains nine vIRFs arranged in an analogous tandem array inserted at the same genomic position. The predicted amino acid sequences have diverged significantly from the KSHV counterparts (1) . Little is known about the expression or function of the RRV vIRFs, but the sheer number of genes suggests an unprecedented degree of specialization.
Incorporation of the vIRFs is one of many examples of "molecular piracy" evident in the KSHV genome (11) . Functional studies have shown that vIRF1 to -4 can counteract innate antiviral defenses mediated by either IFN or the tumor suppressor protein p53 (23) . The mechanisms are varied, involving interactions with cellular regulators of the IFN response, such as IRF1, IRF3, IRF5, and IRF7, or transcriptional cofactors, such as p300/CBP, which is required for the activation of IRF and p53 gene targets (5, 17, 25, 53, 57) . The vIRF4 protein has been shown to antagonize p53-mediated apoptosis by stabilizing the human double minute 2 (HDM2) E3 ubiquitin ligase, resulting in the accelerated turnover of p53 by the proteosome (24) . It is notable that vIRF1 also targets the p53 pathway but does so by preventing phosphorylation by ATM kinase and by limiting its transactivation potential (35, 45, 46) . In addition, vIRF4 binds to the cellular poly(A)-binding protein C (PABP-C) and promotes its nuclear accumulation (21) . This may help to curtail the antiviral response by limiting the export and translation of newly synthesized cellular mRNAs encoding antiviral effectors. Recently, vIRF4 was found to interact with CSL (RBP-J), a cellular transcription factor that acts as a critical coregulator for RTA, the master regulator of the reactivation program (18) . The biological consequences are still to be determined but may enable the virus to modulate Notch signaling or provide negative feedback by competing with RTA on a subset of lytic promoters.
Here we examined the regulation of the K10/vIRF4 gene by RTA. The isolated K10 promoter showed a robust response to RTA in several KSHV-infected cells but was essentially unresponsive in uninfected cells. Subsequent analysis showed that coexpression of RTA with vIRF4 resulted in strong transcriptional synergy and presumably accounts for the activity in the infected cells. The K9/vIRF1 promoter responds to RTA alone, but this activity is also significantly enhanced by coexpression of vIRF4. Synergy is not recapitulated with the other vIRFs. Depletion of vIRF4 during reactivation from latency results in a reduced yield of infectious KSHV virions, whereas overexpression enhances virus yield. Analysis of truncations and point mutants established a critical role for the N terminus of vIRF4, which shows imperfect homology to the DNA-binding domains (DBDs) of cellular IRFs. The vIRFs are distinguished from their cellular counterparts by a CxxC motif located immediately C-terminal to the putative DNAbinding domain. Mutation of either of the cysteines in vIRF4 abolishes self-association and synergy with RTA, providing the first known function for this signature motif. Lastly, biochemical studies identified a cellular factor(s) that binds to the K10/vIRF4 proximal promoter but is displaced or otherwise altered when vIRF4 and RTA are present. These findings establish vIRF4 as an important coregulator for RTA that contributes to the efficiency of KSHV reactivation.
MATERIALS AND METHODS

Plasmids.
Promoter regions and open reading frames were amplified from KSHV genomic DNA by using Expand high-fidelity PCR system (Roche) with custom primers (available on request). Amplification products were captured using pCR2.1-TOPO (Invitrogen), sequenced, and then excised using customized restriction endonucleases sites. Promoters were subcloned into the unique XhoI and HindIII sites of a modified pGL3-Basic luciferase reporter. ORFs were subcloned into the XbaI and BamHI sites of pCGFlag (30) . The vIRF4 full-length ORF was subcloned using the following primers: 5=-CGGTCTAGACCTAAAGCCGGTGGCT CAGAATGG-3= and 5=-CATGGATCCTCAATGTAGACTATCCCAAAT GGAGCC-3= (added restriction sites are underlined). Expression plasmids encoding full-length RTA, RTA⌬STAD, and HCF-1c and the luciferase reporters PAN-luc, LTc-luc (pLT7-luc), and LTi-luc have been described previously (33, 38, 54) . Amino acid substitutions in vIRF4 and RTA and internal deletion mutant RTA⌬LR were generated by QuikChange II XL site-directed mutagenesis (Stratagene). For in vitro translation, the coding regions of RTA and vIRF4 were subcloned into derivatives of the pCITE2a ϩ vector (Novagen). Expression plasmids encoding IRF7 (32), vIRF2 (2) , and truncated vIRF4 (24) were kind gifts of Isabelle Marié (New York University School of Medicine), David Blackbourn (Cancer Research UK Cancer Centre, University of Birmingham), and Hye-Ra Lee and Jae Jung (University of Southern California), respectively.
Cell lines and transfections. KSHV-positive lymphoma cells (BC3 and JSC-1) were cultured in RPMI 1640 medium (HyClone) supplemented with 20% fetal bovine serum (FBS), 2 mM L-glutamine, and antibiotics. For luciferase reporter assays, a total of 0.5 ϫ 10 7 cells were electroporated with 12.5 g luciferase reporter and 1.25 g pCGFlag-RTA or empty vector by using a Gene Pulser II (Bio-Rad) set at 250 V, 975 F. HeLa cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Cellgro) supplemented with 10% FBS, 2 mM L-glutamine, and antibiotics. SLK cells (KS tumor-derived human endothelial cells) were grown in RPMI 1640 with 10% Fetalplex, 2 mM L-glutamine, and antibiotics. Latently infected iSLK.219 cells (34) , a kind gift of Jinjong Myoung and Don Ganem, were maintained in DMEM supplemented with 250 g/ml G418, 400 g/ml hygromycin, 10 g/ml puromycin, 10% FBS, 2 mM L-glutamine, and antibiotics and were transfected using either Lipofectamine 2000 (Invitrogen) (for expression plasmids) or Lipofectamine RNAiMax (Invitrogen) (for shRNA).
Luciferase reporter assays. For luciferase reporter assays, 2 ϫ 10 4 HeLa or SLK cells were seeded 24 h before transfection in 24-well plates and then transfected using Polyfect (Qiagen). Luciferase activity was measured 24 h after transfection. In the majority of the luciferase assays shown, 250 ng of reporter plasmid was cotransfected into 1 well of a 24-well plate with 200 ng of vIRF4 expression plasmid and/or 25 ng of RTA expression plasmid. The relative activity of the reporter in the presence or absence of RTA was calculated for each cell line after normalization and plotted as the fold induction. Each cell line was assayed three or more times, and the replicates gave similar results. When comparing cell lines with different transfection efficiencies (see Fig. 1 , below), we included an additional sample with the constitutively active LTc promoter, and all values were normalized to the relative activity of this construct.
Immunoblotting, coimmunoprecipitation, and indirect immunofluorescence microscopy. Cells were lysed in SDS sample buffer and heat denatured. Lysates were separated by SDS-10% PAGE and then transferred to a Protran nitrocellulose membrane (Whatman) and blocked in Tris-borate-EDTA buffer containing 5% nonfat milk. Extracts for coimmunoprecipitation assays were prepared using medium salt extraction buffer (250 mM KCl, 20 mM Tris-HCl [pH 7.9], 10% glycerol, 0.25% NP-40, 0.5 mM phenylmethylsulfonyl fluoride) with protease inhibitors, and precipitates were washed in the buffer containing 200 mM KCl and 5% glycerol. Membranes were probed with anti-Flag (M2, diluted 1:1,000; Sigma), anti-T7 (diluted 1:1,000; Novagen), anti-Rho GDI␣ (A-20/sc-360, diluted 1:5,000; Santa Cruz Biotechnology), or anti-alpha-tubulin (diluted 1:5,000; Sigma) primary antibodies and detected using horseradish peroxidase-conjugated anti-mouse or anti-rabbit secondary antibodies (diluted 1:5,000; Amersham). Chemiluminescence detection was performed with SuperSignal West Pico (Thermo Scientific). A rabbit polyclonal antibody against vIRF4 was generously provided by Hye-Ra Lee and Jae Jung (University of Southern California). For subcellular localization studies, HeLa cells were seeded onto sterile coverslips in a 24-well plate and transfected with 200 ng of each expression plasmid by using Polyfect reagent (Qiagen). Cells were fixed after 24 h and probed with a mix of anti-Flag and anti-T7 antibodies, washed, and then incubated with a mix of fluorescence-coupled secondary antibodies. After drying, coverslips were applied to slides by using fluorescence mounting medium (Dako Corporation) and visualized by laser scanning confocal microscopy with a Zeiss LSM 510 META microscope. Images were captured using the Zeiss AIM software, and .tiff images were exported into Adobe Photoshop 7.0 for cropping and minor adjustments.
Secondary structure prediction. Secondary structure predictions were made using the PredictProtein server (41) . The helical wheel projection was drawn using a shareware application written by Don Armstrong and Raphael Zidovetzki (University of California, Riverside).
Gel shift analysis. Recombinant RTA and vIRF4 were synthesized by in vitro translation using the TNT quick-coupled transcription/translation system (Promega) in the presence of Easytag L-[ 35 S]methionine (Perkin-Elmer). Radiolabeled double-stranded DNA probes were prepared by PCR amplification using 32 P-labeled primers to amplify subcloned promoter fragments. Binding reaction mixtures containing labeled probe, 1 g poly(dI-dC), 10 mM HEPES (pH 7.9), 75 mM KCl, 1 mM EDTA, 10 mM dithiothreitol and up to 4 l reticulocyte lysate were incubated at room temperature for 20 min and loaded on 4% native polyacrylamide gels with 1ϫ Tris-glycine-EDTA buffer. Electrophoresis was carried out at room temperature and run at a constant 170 V. Gels were fixed in methanol-acetic acid and dried, and the probe was visualized by autoradiography using an X-ray film to block the 35 S signal.
Detection of infectious KSHV. KSHV-infected iSLK.219 cells were induced to reactivate with 100 ng/ml doxycycline. After 72 h, the culture medium was collected, passed through a 0.45-m filter, and used to infect 293-PAN-Luc cells (56) . A total of 500 l of the filtered medium was added to each well of 80% confluent reporter cells in a 24-well plate and centrifuged at 450 ϫ g for 20 min to promote viral adherence. Infected cultures were incubated at 37°C for 2 h and then refed with fresh medium. After 48 h, the 293-PAN-Luc cells were harvested and assayed for luciferase activity.
Depletion of vIRF4 in KSHV-infected cells. 27/25-mer Dicer substrate RNAs (dsiRNAs) targeting the KSHV K10/vIRF4 transcript were custom synthesized (Integrated DNA Technologies) and evaluated by transfection into iSLK.219 cells by using Lipofectamine RNAiMax (Invitrogen) following the manufacturer's protocol. Predesigned dsiRNA against enhanced green fluorescent protein (EGFP) was used as a control. Cells were induced to reactivate with doxycycline, and total RNA was isolated after 72 h. The extent of knockdown was determined by quantitative reverse transcription-PCR (qRT-PCR). Three dsiRNA duplexes gave a reduction in K10/vIRF4 mRNA of 90% or greater and were used in subsequent analyses. The sequences were as follows: vIRF4 dsiRNA#1, 5=-CAAUGUAGACUAUCCCAAAUGGAGCCU-3= and 5=-GCUCCAU UUGGGAUAGUCUACAUTG-3=; vIRF4 dsiRNA#2, 5=-ACAUAUAUC CUCUCCUUGAAGGUUCGA-3= and 5=-GAACCUUCAAGGAGAGGA UAUAUGT-3=; vIRF4 dsiRNA#1, 5=-UACCAAACCACCAGCCUUCCA CUUGAG-3= and 5=-CAAGUGGAAGGCUGGUGGUUUGGTA-3=.
Quantitative RT-PCR analysis. Total RNA was prepared using TRIzol (Invitrogen) and converted to cDNA with SuperScript III (Invitrogen) and random hexamer primers (Fermentas). qRT-PCR analysis was performed using FastStart Universal SYBR green Master-ROX (Roche) and a MyiQ single-color real-time thermal cycler (Bio-Rad). Samples were normalized using 18S rRNA primers (SA Biosciences), and the relative changes in transcript levels were calculated using the ⌬⌬C T method. Viral transcripts were measured with the following primer sets: K9/vIRF1, 5=-TCGCGGACCCCTGTTTTGAA-3= and 5=-TCCACGGGCATGTTAC CCCTTT-3=; K10/vIRF4, 5=-CCGGGTATGCGAAACCATCA-3= and 5=-TCCAAAGCGGTGTGCGAACT-3=.
RESULTS
The K10 (vIRF4) promoter responds to RTA in KSHV-infected cells. The four KSHV genes encoding the vIRFs (K9/vIRF1, K10/ vIRF4, K10.5/vIRF3, and K11/vIRF2) are situated between ORF57 (Mta) and ORF58 (Epstein-Barr virus [EBV] BMRF2 homologue) (42) . This section of the KSHV genome (shown schematically in Fig. 1A ) is relatively well characterized, and the transcription start sites (TSSs), alternative splices, and polyadenylation sites of each vIRF mRNA have been described (8, 12, 28, 29, 31, 48, 50, 51) . Each of the vIRF genes can be loosely classified as constitutive or inducible. Transcripts originating from K10/vIRF4 are barely detectable in latently infected PEL cells but accumulate with early kinetics upon reactivation (12, 20, 22) . K9/vIRF1 is transcribed at low levels in latency but then is significantly induced at early times in reactivation, paralleling K10/vIRF4 (8, 48) . In PEL-derived cell lines at least, K10.5/vIRF3 and K11/vIRF2 transcripts are readily detected during latency but accumulate further during reactivation (5, 12, 40) .
Activation of the K10/vIRF4 promoter by RTA has not been reported. To address this, we generated a luciferase reporter construct using a 0.9-kbp fragment taken immediately upstream of the K10/vIRF4 initiator codon (nucleotides 88,911 to 89,815 of the prototype M-type genome; NCBI reference sequence NC_003409N). This genomic fragment includes the two previously mapped TSSs and is expected to include all of the critical proximal promoter elements (12) . Note that this new construct is distinct from the K10/vIRF4 reporter described by Ellison and colleagues (nucleotides 88,202 to 88,879), which begins within the second exon and omits all of these sequences (14) . The reporter (vIRF4-luc) was tested in PEL-derived BC3 and JSC-1 cells by cotransfection with an expression vector encoding RTA or the empty equivalent (Fig. 1B) . Differences in transfection efficiencies were normalized using the constitutive promoter (LTc) that lies upstream of ORF73/LANA (33) . Expression of RTA resulted in a substantial increase in luciferase activity (150-to 350-fold), consistent with the notion that the K10/vIRF4 promoter is a regulatory target of RTA. The same analysis was performed in two additional cell lines (HeLa and SLK) that do not contain the KSHV genome. Surprisingly, the vIRF4-luc reporter was induced only weakly (2.4-and 9.5-fold) in each of these cell contexts (Fig. 1B) . This behavior was unexpected and contrasts markedly to moretypical RTA-responsive promoters, exemplified here by the ORF57 promoter (Fig. 1B) , that can be induced to high levels in both uninfected HeLa and SLK cells (300-and 600-fold) and latently infected BC3 and JSC-1cells (Ͼ600-fold). The K9/vIRF1 promoter also showed a significantly greater response to RTA in BC3 and JSC-1 cells (175-and 550-fold) than HeLa or SLK cells (12-fold and 6-fold) (Fig. 1C) . Thus, both the K10/vIRF4 and K9/vIRF1 promoters show a requirement for additional viral gene products, or at least some other aspect of the latently infected cell environment, in order to respond fully to RTA. vIRF4 and RTA cooperate to activate the vIRF4 promoter. To identify the viral factors responsible for activation of K10/vIRF4, we tested a panel of KSHV regulatory proteins for the ability to activate transcription in the presence of RTA (data not shown). Of these, vIRF4 showed a unique ability to cooperate with RTA to stimulate transcription from the vIRF4 and vIRF1 promoters (Fig.  1D) . Expression of vIRF4 alone or RTA alone had little or no effect on the activity of any of the reporter constructs tested but conferred a substantial increase in the activity of vIRF4-luc and vIRF1-luc when coexpressed with RTA. Canonical RTAresponsive promoters, such as PAN and ORF57, were induced by more than 100-fold in the presence of RTA, and this was increased by less than 2-fold in the presence of vIRF4. Thus, synergy between RTA and vIRF4 appears to be relatively promoter specific.
Next we asked if the ability to cooperate with RTA was shared by other vIRF proteins. The predicted products of the vIRF locus are shown schematically in Fig. 2A . The four vIRFs have diverged substantially but retain two regions of limited homology, an N-terminal region that corresponds to the DBD of cellular IRFs and a C-terminal region that forms part of the larger dimerization and transactivation domains (10) . The central region of vIRF4 is large and lacks significant homology to other proteins. The vIRF4-luc reporter was transfected into HeLa cells together with a vector encoding each vIRF, either alone or with RTA (Fig. 2B) . Only the combination of vIRF4 and RTA resulted in activation. Cellular IRF7 was included as a control and also failed to synergize with RTA. It is conceivable that the vIRF4-RTA synergy represents a positive (feed-forward) autoregulatory loop, and we therefore asked if vIRF1 was capable of stimulating its own promoter. As shown in Fig. 2C , expression of vIRF1 gave a 2-fold increase over RTA alone, perhaps consistent with a previous report of autoactivation by vIRF1 (52) . However, this increase was modest compared to the increase achieved with vIRF4. Thus, vIRF4 appears to be unique in being able to cooperate with RTA to stimulate transcription from both the K10/vIRF4 and K9/vIRF1 promoters. vIRF4 contributes to efficient reactivation by KSHV. To determine the contribution of vIRF4 to lytic reactivation, we performed overexpression and depletion experiments in iSLK.219 cells (Fig. 3) . Cultures were transfected with empty expression plasmid or one encoding full-length vIRF4 and then induced to reactivate by addition of doxycycline to the medium. Release of infectious virus into the medium was measured using a reporter cell line (293-PAN-Luc) that is stably transfected with a luciferase gene driven by the RTA-responsive PAN promoter (56) . Induction of iSLK.219 cells that were transfected with the empty plasmid resulted in a small increase in reporter activity, reflecting a modest level of infectious virus. Note that this is lower than that observed using untransfected cells and reflects toxicity of the transfection reagents. However, introduction of the vIRF4 plasmid resulted in a 10-fold increase in reporter activity, which we interpreted as an increase in the yield of infectious virus.
Next, we used RNA interference to reduce the levels of vIRF4 encoded by the viral episome. For maximal incorporation into the RNA-induced silencing complex, we synthesized dsiRNAs. The degree of knockdown was assessed by qRT-PCR to measure K10/ vIRF4 transcript levels (Fig. 3B) . Three different dsiRNAs were identified that decreased transcript levels by 90% or more compared to cells transfected with a control dsiRNA against EGFP. iSLK.219 cells express EGFP from a constitutive promoter integrated into the viral episome, providing a convenient measure of transfection efficiency. By flow cytometry, green fluorescence was significantly reduced in at least 60% of the culture (data not shown). Transcripts from K9/vIRF1 were assayed in parallel and showed a similar reduction supporting the role of vIRF4 in activating the K9/vIRF1 promoter. Culture medium was collected from transfected cultures and tested on 293-PAN-Luc cells (Fig.  3C) . Surrogate viral titers were reduced in cells transfected with each of all three vIRF4 dsiRNA complexes compared to the EGFP dsiRNA. These results indicated that vIRF4 contributes to reactivation of latent KSHV, presumably through cooperation with RTA to activate a subset of lytic promoters as well as through additional roles, such as antagonizing p53-mediated apoptosis (24) .
Analysis of the K10/vIRF4 promoter. Previous studies found that tetradecanoyl phorbol acetate (TPA)-inducible K10/vIRF4 mRNAs initiate at two discrete TSSs within the intergenic region (12) . The sites are separated by 102 bp and are positioned 30 or 31 nucleotides downstream of a consensus TATA box, indicative of two core promoters (Fig. 4A and D) . To define the sequences necessary for the response to RTA/vIRF4, we generated three truncations of the original vIRF4-luc reporter and analyzed their activities in HeLa cells (Fig. 4A and B) . Overall activity was re- duced in stepwise fashion with each successive truncation (vIRF4-luc set to 100%), suggesting that multiple promoter elements contribute to the overall activity. The shortest fragment tested (vIRF4⌬3-luc) lacked the distal TSS but retained significant activity in the presence of vIRF4 and RTA (Fig. 4B) . Importantly, this fragment was induced up to 15-fold in the presence of RTA and vIRF4 compared to RTA alone (Fig. 4C) . Thus, sequences capable of responding to vIRF4 and RTA in a synergistic manner lie within the 105 bp immediately upstream of the initiation codon. This does not exclude the possibility of additional response elements elsewhere in the starting fragment that contribute to the overall level of activation.
Transcriptional cooperation requires multiple regions of vIRF4. As a first step toward understanding how vIRF4 collabo- rates with RTA, we examined the contribution of the two IRF homology regions within vIRF4. Specifically, we compared the full-length vIRF4 (Fig. 5A , residues 1 to 911) to truncations that removed the N-terminal 151 residues (⌬N; residues 152 to 911) and C-terminal 307 residues (⌬C; residues 1 to 605). Previously, Lee and colleagues showed that vIRF4⌬N retains the ability to interact with and stabilize MDM2 but that this activity was lost with C-terminal truncation (24) . Immunoblotting with a vIRF4 antibody confirmed that both truncations were expressed, albeit at lower levels than the full-length protein (Fig. 5A) . When cotransfected into HeLa cells with the vIRF4-luc reporter, neither truncation supported significant levels of transcription in the presence of RTA, arguing that the putative DBD and the C-terminal transactivation/dimerization regions are important.
The subcellular localizations of the major virus-inducible IRFs (IRF3, IRF5, and IRF7) are tightly controlled, with the latent forms residing in the cytoplasm until activation (47) . With this in mind, we examined the localization of vIRF4 in the presence or absence of RTA by indirect immunofluorescence microscopy (Fig. 5C ). When expressed on its own, vIRF4 was predominantly nuclear with a diffusing distribution throughout the nucleoplasm. RTA showed a similar distribution, and there was no obvious difference when the two proteins were expressed together. The cellular chromatin-associated cofactor HCF-1c served as a control for nucleoplasmic localization and had no discernible impact on the localization of vIRF4. Thus, synergy does not arise through an obvious change in the subcellular localization of either vIRF4 or RTA.
Mutations in the vIRF4 DNA recognition helix abrogate synergy. The N-terminal DBD of the cellular IRFs are characterized by five invariant tryptophan residues (tryptophan pentad repeat) and the ability to bind DNA sequences based on the consensus sequence 5=-AANNGAAA-3= (15) . Several structures have been determined and found to resemble a winged helix-turn-helix, with three ␣-helices, three long loops, and four stranded antiparallel ␤-sheets. The third helix slots into the major groove of the 5=-GAAA-3= subsequence and is the major determinant of sequence-specific binding through contacts made by arginine residues on the hydrophilic face with the phosphate backbone. Residues within the loops and other helices provide additional contacts. In vIRF4, three of the hallmark tryptophans are missing, and the degree of sequence conservation is very limited; however, folding programs predict an equivalent trihelical arrangement (Fig.  6A) . This suggests that the N terminus of vIRF4 might still be capable of binding DNA. This idea is strengthened by the fact that the putative DNA recognition helix (helix 3) retains its amphipathic nature, with hydrophobic residues clustered on one face and hydrophilic residues, including several arginines, on the other (Fig. 6A, helical wheel) . To address the possibility that vIRF4 interacts with promoter DNA through its N-terminal domain, we generated a set of point mutations that changed four of the five arginines in helix 3 to alanine. The resulting mutants (R83A, R86A, R89A, and R90A) were expressed at equal or higher levels than the wild type (Fig. 6B) . When assayed for synergy with RTA and the vIRF4 promoter, we found all four of these missense mutants had significantly reduced activity (Fig. 6C) . Thus, in spite of the degenerate appearance of the N-terminal DBD region, point mutations that would be predicted to disrupt DNA binding abolished transcriptional activation in the presence of RTA.
The vIRF CxxC signature motif is necessary for synergy. Adjacent to the DBD region is a double-cysteine motif (CxxC, where x is any residue) that is present in all four KSHV vIRFs (Fig. 7A) . The CxxC motif is also found in all eight vIRFs encoded by rhesus rhadinoviruses (12) . Remarkably, the motif is not found in any cellular IRFs and thus can be considered a distinctive signature of viral IRFs. The functional significance of the CxxC motif is unknown. We therefore generated two additional mutants in vIRF4, changing Cys-120 or Cys-123 to alanine. Again, both of the missense mutants were expressed at approximately the wild-type level (Fig. 7B ) but were severely compromised for transactivation of the vIRF4 promoter with RTA (Fig. 7C) . This is the first demonstration that the CxxC motif is functionally important for any vIRF protein.
Mutations in the CxxC motif compromise vIRF4 selfassociation. Cellular IRF proteins function as homo-or heterodimers, and it is conceivable that the CxxC motif contributes to self-association by vIRF4. To test this, we performed coimmunoprecipitation experiments with T7-tagged and Flag epitopetagged proteins (Fig. 7D) . As a positive control, we used the C terminus of LANA, which is known to form a stable homodimer (44) and, as expected, T7-LANA C was efficiently coimmunoprecipitated by Flag-LANA C (lane 1) but not with Flag-vIRF4 R89A (lane 3). When versions of wild-type vIRF4 carrying both tags were coexpressed, blotting showed that T7-vIRF4 was readily recovered as shown with Flag-vIRF4 (lane 4). This was not seen if T7-vIRF4 was coexpressed with the control, Flag-LANA C (lane 2). We also tested two of the helix 3 mutants, R89A and R90A, and observed similar or greater levels of association with wild type. Thus, although both of these mutants are defective for synergy with RTA, they each retain the ability to self-associate. Similar coimmunoprecipitation experiments were performed using the CxxC motif mutants (Fig. 7E) . Under these conditions, the C120A mutant (Flag-vIRF4 C120A ) failed to coprecipitate wild-type T7-vIRF4 (lane 2), and the C123A mutant showed a reduced ability (lane 3). We conclude from this result that the CxxC motif contributes to self-association and that this property is critical for synergy with RTA (Fig. 7C) .
RTA contributes to DNA recognition by vIRF4/RTA. RTA comprises several functional domains and must assemble into a tetramer to function as a transactivator (3). To better understand the contribution of RTA, we tested two derivatives of RTA, which are illustrated in Fig. 8A . The first, RTA⌬STAD, lacks the C-terminal activation domain, whereas the second, RTA⌬LR, contains an internal deletion that omits the leucine-rich region (residues 244 to 275) that is critical for oligomerization. Each version was FLAG-epitope tagged at the N terminus, and expression was demonstrated by immunoblotting (Fig. 8B) . Removal of the activation domain or disruption of oligomerization abolished activation of RTA-responsive promoters, such as PAN and LTi (Fig.  8C) , and vIRF4/RTA-responsive promoters K9/vIRF1 and K10/ vIRF4 (Fig. 8D) . As shown in Fig. 5C , the subcellular localization of RTA⌬STAD is indistinguishable from that of wild-type RTA, consistent with the idea that the lack of vIRF4-luc activation reflects the absence of the RTA transactivation domain.
The N terminus of RTA includes a basic residue-rich region (residues 131 to 170) that is critical for DNA binding (6, 7) . Several arginines (R160, R161, and R166) within this region are critical for activation of promoters reliant on direct recognition of RTA response elements, such as PAN and K12, but have less impact on promoters that use cellular coregulators to ensure RTA binding and activity. To address the contribution of direct DNA binding to vIRF4-RTA synergy, we changed arginine 166 to alanine (R166A) and compared the response to wild-type RTA. As expected, R166A was unable to activate the PAN promoter (Fig. 8C) but retained ) vIRF4 is capable of self-association. Lysates were prepared from HeLa cells transfected with plasmids encoding combinations of T7 and Flag-tagged proteins and subjected to immunoprecipitation using Flag-coupled beads. Precipitates were resolved by SDS-PAGE and blotted with anti-T7 antibody. Expression was confirmed by blotting lysates directly. (E) Self-association is disrupted by mutation of the signature cysteine residues. Coimmunoprecipitation analysis was conducted as described for panel D, using wild-type (WT) and mutant (C120A and C123A) versions of vIRF4. significant activity on the LT i promoter, which includes two CSL binding sites that function as RTA response elements (27, 33) . The R166A mutant also activated the K9/vIRF1 and K10/vIRF4 promoters (Fig. 8D) , consistent with the idea that vIRF4 facilitates recruitment of RTA to vIRF4/RTA-responsive promoters.
vIRF4 and RTA cooperate to alter the association of a cellular factor with the K10/vIRF4 proximal promoter. To determine whether vIRF4 and RTA can form stable complexes on the K10/ vIRF4 promoter, we expressed both proteins in a coupled in vitro transcription/translation system using T7 RNA polymerase and rabbit reticulocyte lysate and then used the recombinant proteins in gel shift analyses with a 32 P-labeled probe corresponding to the minimal responsive fragment (Fig. 4, ⌬3) of the proximal K10/ vIRF4 promoter. SDS-PAGE followed by autoradiography confirmed that each recombinant protein was expressed well and was predominantly full length (Fig. 9A) . When the labeled probe was 8) . Nonspecific complexes observed with multiple probes are marked with an asterisk. Arrows mark a low-mobility complex that incorporated RTA and an uncharacterized complex (X) that was sensitive to the presence of vIRF4 and RTA. (C) Schematic of a working model for activation of the K10/vIRF4 promoter by RTA and vIRF4. RTA and a cellular factor(s) (X) associate with the proximal promoter but do not activate transcription. Inclusion of vIRF4 leads to reprogramming of the complex, either by displacement of X or by incorporation of vIRF4 into a larger complex that is not resolved on the gel. Cellular coactivators recruited by RTA and/or other components of the complex are then able to activate transcription.
incubated with mock lysate (lane 2) and resolved on a 4% native polyacrylamide gel, four distinct complexes were resolved. Three complexes (indicated with an asterisk) were also detected with unrelated probes of similar size and are presumably nonspecific (data not shown). The fourth complex (labeled X) was unique to the ⌬3 probe and reflects the binding of one or more cellular factors present in the reticulocyte lysate. Addition of RTA resulted in an additional slowly migrating complex (lane 4, labeled RTA), indicating that RTA can bind independently to the K10/vIRF4 promoter region. Inclusion of RTA also resulted in a small but reproducible increase in the abundance of complex X. Addition of vIRF4 alone did not result in any new complexes, but again there was a modest increase in the cellular complex (compare lane 3 with lane 2). Interestingly, when vIRF4 and RTA were included simultaneously in the binding reaction mixture (lanes 5 to 8), the abundance of complex X decreased markedly. Loss of complex X was proportional to the amount of input vIRF4 and, at the same time, was dependent on the presence of RTA (lanes 3 and 8 contain equal amounts of vIRF4). We conclude that one or more cellular factors can form a complex on the K10/vIRF4 proximal promoter that is sensitive to the presence of both RTA and vIRF4. Complex X may either be displaced by RTA/vIRF4 or assembled into a larger complex that is not resolved under the gel conditions used.
DISCUSSION
RTA is often introduced as the "master regulator" of the switch from latency to lytic reactivation in KSHV. This accolade seems well justified: transcription of the ORF50/RTA gene is the first detectable response of latent genomes to various reactivation stimuli, and unlike other herpesvirus lytic initiators that activate the immediate-early (IE) or early (E) genes only, RTA stimulates at least 40 viral promoters belonging to the IE, E, and even late (L) kinetic classes (9, 14, 39) . How one regulator achieves such farreaching control is not fully understood, but the ability of RTA to interface with a variety of cellular transcription factors (termed coregulators) may be a critical aspect. The mediator of cellular Notch signaling, CSL (RBP-J, CBF-1), is a particularly important coregulator for KSHV RTA, and functionally important binding sites have been demonstrated in at least 20 RTA-responsive promoters (39) . Other cellular transcription factors, such as C/EBP and Oct-1, perform similar roles, albeit for a more limited set of viral promoters (43, 49) . Viral gene products, such as LANA and K8, also modulate RTA function (14, 26) .
In the current study we showed that vIRF4, a viral homologue of a cellular transcription factor, serves as a positive coregulator for RTA, and we identified two lytic promoters that utilize vIRF4 to achieve a full response to RTA. It should be noted that a previous study found that the K9/vIRF1 promoter responded well to the expression of RTA in the absence of other viral gene products (8) , while a third study reported that vIRF1 could stimulate transcription from its own promoter independent of RTA (52) . The reasons for these discrepancies are unclear, but it is worth noting that in some experiments we saw a significant response of vIRF1-luc to RTA, although this was always lower than with the combination of RTA and vIRF4 (data not shown). The differences in the response to individual factors might relate to differences in the assays, including the amounts of reporter and effector plasmids used. We chose to focus on the K10/vIRF4 promoter for further analysis, because the response to either RTA or vIRF4 alone was consistently modest and was robust in the presence of the two factors together. However, it makes sense that the K10/vIRF4 promoter would not be entirely dependent on the two factors, because at early times only RTA is present and some level of transcription is needed to synthesize the first molecules of vIRF4. The subsequent feed-forward loop would lead to more significant accumulation of vIRF4 protein, perhaps enhancing other functions, such as antagonizing p53 (24) or directing the relocalization of cytoplasmic poly(A)-binding protein (21) .
Many developmental systems rely on combinatorial control to achieve context-specific transcription. A dependence on vIRF4 and RTA for maximal expression may define a specific set of KSHV genes that are functionally related. We know already that both vIRF1 and vIRF4 help to block p53-mediated apoptosis, and it seems likely that other genes with related functions are scattered elsewhere in the genome. Additional degrees of control (finetuning) could be obtained by regulating vIRF4/RTA synergy in such a way that other aspects of the lytic reactivation program that are also driven by RTA can, if necessary, be uncoupled from these ancillary processes.
Cellular IRFs function as multisubunit complexes formed through a combination of dimerization with the same or other IRFs and interactions with unrelated transcription factors, such as STATs, NF-B, and SMAD3 (19) . The working model presented in Fig. 9 imagines an analogous complex composed of viral and possibly cellular components. Additional experimentation will be needed to determine whether RTA and vIRF4 interact directly or indirectly. Gel shift analysis showed that RTA can stably associate with the K10/vIRF4 proximal promoter, and this requires its DNA-binding function (data not shown). Whether vIRF4 is capable of binding to DNA independently remains speculative. The N terminus of vIRF4 is predicted to fold into a helical structure resembling the winged helix DBD of cellular IRFs, and even though it lacks some of the critical tyrosine residues, substitutions in the putative DNA recognition helix (helix 3) interfere with its transcription function. It is worth emphasizing that the equivalent region of vIRF1 has also diverged from the IRF pattern and yet binds to palindromic DNA sequences identified through an in vitro binding site selection assay (37) . As might be expected, the consensus vIRF1-binding sequence (5=-GCGTCnnGACGC-3=, where n is any nucleotide) shares no obvious similarity to cellular IFN-stimulated response elements (ISREs) (5=-GAAAnnGAAAC T-3=) (13) , providing a strong hint that the vIRFs may have evolved to recognize their own unique response elements. These may be composite in nature, bringing a weak vIRF4-binding site into juxtaposition with binding sites for other factors, thereby ensuring robust activation of the target promoter only when there are sufficient levels of multiple factors: in other words, combinatorial control. The intriguing relationship between RTA and cellular or viral IRFs may extend even deeper; Zhang and colleagues found that RTA activated the promoters of several interferonstimulated genes and was capable of binding to probes containing an ISRE (55) . Moreover, they identified sequence similarities between the DNA-binding domains of RTA and cellular IRFs.
It will be interesting to discover exactly how many lytic promoters rely on the synthesis of additional viral products to achieve a full response to RTA. When protein synthesis is blocked with hygromycin, only 10% of lytic genes are activated in the presence of preexisting RTA, suggesting that in fact the majority of lytic genes rely on de novo protein synthesis for efficient transcription (4) . The hygromycin experiment does not distinguish between viral and cellular proteins, but the findings presented in the current study argue that the absence of vIRF4 should account for some or many of the hygromycin-sensitive lytic genes. Profiling studies and the analysis of individual promoters will shed further light on this important question.
